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ABSTRACT

collision narrowed spectra of nitrogen. Several pump laser systems were
compared, and a high repetition frequency Nd:YAG laser was determined to
be superior. Population saturation, stimulated Raman gain, and optical
breakdown are not expected to pose severe limitations on laser intensity
or measurement signal-to-noise ratios. Consideration is given to problems
pertinent to operation of the ballistic compressor including compressor
recoil, window deflections and generation of CARS from the test section
windows. Finally the possiblity of using pulsed stimulated Raman gain
spectroscopy (SRGS) as an alternative to CARS at the high densities typical
of the ballistic compressor has been identified. SRGS appears to offer
adequate measurement ability and possesses certain advantages over CARS.
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Conceptual Design Study for Coherent Anti-Stokes
Raman Spectroscopy (CARS) Diagnostics in the

AMMRC Ballistic Compressor Facility

INTRODUCTION

The advent of lasers producing coherent, spectrally pure optical radiation
with electric field strengths on the order of intra-atomic fields has led to a
revolution in spectroscopy. Measurements which previously were unattainable or
impractical have become possible. Diagnostically, the principal advantage of the

* laser is the ability to make remote measurements of specific processes with
minimal perturbation of the probed environment. The requirement for making

* temperature and species concentration measurements in the AMMRC ballistic compressor
is an application likely to benefit from the emerging, new laser techniques.

Measurements in the AMMRC facility dictate a non-intrusive technique, requiring
minimum optical access, capable of working in the hostile high pressure, high

temperature envirorment and responding in a fraction of a millisecond. Physical
probes are eliminated from consideration on nearly all these grounds, thereby making
attractive optical techniques which include absorption, fluorescence, Raman scattering
and the nonlinear optical techniques such as coherent anti-Stokes Raman spectroscopy

(CARS). Fluorescence and Raman scattering require a large window aperture and may
suffer interference from background luminosity in certain test mixtures. In addition
fluorescence data might be difficult to interpret because of large quenching rates
particularly at high pressures. Absorption measurements integrate across the line
of sight and hence are of doubtful value in an inhomogeneous medium. Test gas
luminosity poses a potential problem as well for absorption measurements. CARS,
sometimes called degenerate three wave mixing, generates coherent beam-like radiation.

The generated radiation can have intensities of 10-2 - 10-1 W/cm 2, and therefore test
gas luminosity usually poses no problems. CARS is a double ended technique (two port),
and is well suited to the type of optical access available in the AMMRC ballistic
compressor facility. It has the potential advantage over differential techniques,
such as absorption and stimulated Raman gain, in that misalignment of optics due to
vibrations or steering by density gradients such as in a growing boundary layer,
does not produce a signal. In terms of data interpretation the calculation of CARS
spectra at the extreme conditions of ballistic compressor operation appear not to
pose insurmountable problems. Spectroscopic information should permit interpretation
of these data to high temperatures providing Boltzmann equilibrium holds as expected
at these pressures and cime scales. The CARS technique thus appears to be the most
promising for ballistic compressor temperature and concentration measurement.

, ..
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The objective of this investigation was to perform a conceptual study of a

CARS system for the measurement of temperature and species concentration in the

AMMRC ballistic compressor. The measurement capability of a CARS system using

current technology lasers has been assessed and a system design has been formulated

which considers the operating characteristics of the ballistic compressor. The
evaluation of the CARS system performance for the ballistic compressor is based

on the use of hydrogen mixed in the test gas. Hydrogen has a large Raman cross

section and simple CARS spectrum making it an ideal thermometric species. It
also has the advantage at this time that the extension of CARS signal level

predictions to the extreme densities and temperatures attained in the ballistic
compressor is fairly straightforward. The CARS signal depends on the spontaneous

Raman linewidth. At moderate pressures (1-10 atmospheres) the Raman Q branch

transition is pressure broadened. But at high pressure shifting and narrowing
has been observed in N2 and CO. Hydrogen, however, is not expected to collisionally

narrow until densities corresponding to several thousand atmospheres at room
temperature are reached. CARS spectroscopy in N2 at pressures to 100 atmospheres

is being investigated at UTRC under sponsorship by the Army Research Office.

Results of this program should aid the development and verification of calculations

in this regime. Calculations have been extended at UTRC to predict the effect

of collisional narrowing on the CARS spectra. These are presented herein.

This investigation was divided into an evaluation of the CARS diagnostic

capability for the AMMRC ballistic compressor based on H2 calculations, and

the prediction of the effect of collisional narrowing on the CARS spectra of

N2 and CO at high densities. In Section I the theory of CARS is briefly reviewed.
Section II reports the results of the conceptual design study. The diagnostic

capability of a CARS system for the ballistic compressor has been evaluated

and the system components have been laid out and examined. Several candidate

pump laser systems have been considered. The CARS signal-to-noise ratio has

been evaluated based on actual state-of-the-art high power gas and solid state

visible laser technology. There follows a consideration of processes which

ultimately limit laser intensities and thereby the CARS signal-to-noise ratio.

Basically these processes are optical breakdown, stimulated Raman gain and

population perturbation by the pump laser. The selected laser is shown to operate

at levels below these limitations. Practical design problems are addressed next

in Section II followed by a description of a CARS system for ballistic compressor

diagnostics. A unique system is suggested for making spectrally and temporally

resolved CARS measurements. Calculations of collisional narrowing effects on

high pressure CARS in nitrogen are discussed in detail in Section III. It is

shown briefly in Section IV that stimulated Raman gain spectroscopy should also be

applicable to ballistic compressor temperature and concentration measurements.

Conclusions are contained in Section V, and the references are in Section VI.
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SECTION I

COHERENT ANTI-STOKES RAMAN SPECTROSCOPY

With the stimulus provided by the development of high power lasers, Raman
spectroscopy has experienced renewed interest. At the same time, nonlinear
optical techniques have been investigated to overcome some of the limitations
imposed by small spontaneous Raman cross sections. The limited optical access
and possible test gas luminosity of the ballistic compressor are best overcome
by use of a coherent optical process. Of the variety of nonlinear processes
available to the diagnostician,CARS is the most highly developed and has been
practically demonstrated. For these reasons, major focus in the conceptual
design of an instrument for ballistic compressor studies was placed on CARS.
During the study however, another technique, stimulated Raman gain spectroscopy, J
also emerged as potentially attractive. Although nominally outside the scope
of the study, this technique has been briefly surveyed. It will be discussed
subsequently in a later section. In this section, the theory and application
of CARS will be briefly reviewed.

Coherent anti-Stokes Raman spectroscopy (CARS) is capable of the diagnostic

probing of high interference environments due to its high signal conversion
efficiency and coherent signal behavior. CARS signal levels are often orders of
magnitude stronger than those produced by spontaneous Raman scattering. Its
coherent character means that all of the generated signal can be collected, and
over such a small solid angle that collection of interferences is greatly
minimized. CARS thus offers signal to interference ratio improvements of many
orders of magnitude over spontaneous Raman scattering and appears capable of
probing compressed media over a broad operational range.

The theory and application of CARS are well explained in several reviews
which have appeared recently (Refs. 1-4). Briefly, as illustrated in Fig. 1,
incident laser beams at frequencies wl and w2 (often termed the pump and Stokes
beams respectively) interact through the third order nonlinear susceptibilityof the medium, x×( )(

ojkl (- 3 , 1 ' 1u- 2 )' to generate a polarization which produces
coherent radiation at frequency w3 - 2w1 -w-2 It is for this reason that CARS
is often referred to as "three wave mixing". When the frequency difference

(W 1 2 ) is close to the frequency of a Raman active resonance, w vy' the magnitude
of the radiation at w3, then at the anti-Stokes frequency relative to w,, i.e.,
at wl + Wv', can become very large. Large enough, for example, that with typical
experimental arrangements, the CARS signals from room air N2 or 07 are readily
visible. By third order is meant that the polarization exhibits a cubic depen, 2nce
on the optical electric field strength. In isotropic media such as gases, the
third order susceptibility is actually the lowest order nonlinearity exhibited,
i.e., due to symmetry considerations, second order effects are nonexistent. The

• 1,o -1
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third order nonlinear susceptibility tensor is of fourth rank. The subscripts
denote the polarization orientation of the four fields in the order listed
prenthetically. In isotropic media, the tensor must be invariant to all
spatial symmetry tranformations and the 81 tensor elements reduce to three

independent components,x x , Xxyx - and x where )( + M +

In CARS, which is frequency degenerate, Xxyxy 
= Xxxyy and there are only two

independent elements.

Measurement of medium properties are performed from the shape of the spectral
signature and/or intensity of the CARS radiation. The CARS spectrum can be
generated in either one of two ways. The conventional approach is to employ

a narrowband Stokes source which is scanned to generate the CARS spectrum
piecewise. This approach provides high spectral resolution and strong signals

and eliminates the need for a spectrometer. However, its temporal precision is
poor. The alternate approach (Ref. 5) investigated here is to employ a broadband
Stokes source as depicted in Fig. 1. This leads to weaker signals but generates
the entire CARS spectrum with each pulse permitting in principle instantaneous

measurements of medium properties.

For efficient signal generation, the incident beams must be so aligned that
the three wave mixing process is properly phased. The general phase-matching

iagram for three wave mixing renlires that 2 1 = 2 + 3 is the wave vector
t frequency Li. Since gases are virtually dispersionless, i.e., the refractive

index is nearly invariant with frequency, the photon energy conservation condition

- . 2= 1 - w2 indicates that phase matching occurs when the input laser beams are
aligned parallel or collinear to each other. In many diagnostic circumstances,
collinear phase matching leads to poor and ambiguous spatial resolution because
the CARS radiation undergoes an integrative growth process. This difficulty is

circumvented by employing crossed-beam phase matching, such as BOXCARS (Ref. 6),
or a variation thereof (Refs. 7, 8). In these approaches, the pump beam is split
into two components which, together with the Stokes beam, are crossed at a point

to generate the CARS signal. CARS generation occurs only where all three beams
intersect and very high spatial precision is possible.

CARS spectra are more complicated than spontaneous Raman spectra which are an

ncoherent addition of a multiplicity of transitions. CARS spectra can exhibit

,onstructive and destructive interference effects. Constructive interferences occur
from contributions made from neighboring resonances, the strength of the coupling

being dependent on the energy separation of the adjacent resonances and on the Raman

linewidth which together determine the degree of overlap. Destructive interferences

occur when resonant transitions interfere with each other or with the nonresonant

background signal contributions of electrons and remote resonances. For most
molecules of combustion interest, these effects can be readily handled numerically

since the physics describing CARS generation is fairly well understood. At UTRC,
. CARS computer codes have been developed and validated experimentally for the

diatomic molecules, N2 , H2, CO and 02 (Ref. 9) and one triatomic H2 0 (Ref. 10).

1-3
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Computer codes are extremely useful for studying the parametric 
behavior of CARS

spectra and, when validated, for actual data reduction.

The CARS intensity 13 at w3 can be expressed as

14w3 )2 I1
2 I2

2z 2  
(1)

3-\c
2

where Ii is the intensity at frequency wi; X, the third order nonlinear susceptibility,

and z, the distance over which the phase matched interaction occurs. The susceptibility

can be written in terms of a resonant and nonresonant 
part, xnr

X =×' + i X, + nr (2)

>nris the contribution from electrons and remote resonances. The resonant suscepti-

bility associated with a homogeneously broadened Raman transition, 
j, is

+~ 224+ h g- N-' (W I-w2)2 ij(wl-w2)(3

' + i 2" = j7- N g 2 -i

where 11 is Planck's constant divided by 2-; N, the total species number density;

Lj, the population difference between the levels involved in the transition; gj,

strength factor and equal to (vj + 1) for a Q line; (Io/? )j, the Raman cross scction

for the transition characterized by frequency j; and, rj, the Raman linewidth.

It is quite common in the CARS literature in the case of gases to replace

Eq. (1) which is in terms of intensities, with an expression in terms of powers

for collinear diffraction limited beams, namely

2 2 2

P3  
C ) (-72) P

2
P 2  

(

Here the interaction is assumed to occur in a beam diameter, ¢, and length, 6;,

given by

4,f ¢2__ = -_ (5)

TrD 
21 5

where f is the focussing lens focal length; D, the beam diameter at the lens; and

K the pump laser wavelength. In actuality, most pulsed solid state lasers are not

1-4
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strictly diffraction limited, but possess divergence angles on the order of 1
milliradian. Nevertheless, Eq. (4) is useful for upper limit estimates of CARS
signal levels.

If the detuning frequency, A = w- (l - w2 ) is introduced, the resonant
susceptibility may be expressed as

F.
3

k J 2Aa,. - i7.K 3 (6)

where

2c
4

K. - ,4 Ng (7)
. 2 ''3

On resonance . = 0, and X = K.. Assuming the CARS beam to have the crossr3 3
sectional area as the Stokes bear. the CARS power is

22
P3  Il- 12P Kj z (8)

The foregoing formulas will be subsequently used to perform signal level estimates
for various potential laser sources for the ballistic compressor CARS instrument.

*. I-5
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SECTION II

CONCEPTUAL DESIGN OF CARS DIAGNOSTICS FOR THE BALLISTIC COMPRESSOR

In the ballistic compressor, the gas under study is transiently compressed by

a free (ballistic) piston driven by gas released from a high pressure reservoir.

The test gas is heated nearly adiabatically as the piston is driven down the com-

pressor tube to a high pressure section equipped with windows. Typically pressures

in excess of 1000 atmospheres are sustained for 1-2 milliseconds as the test gas

is compressed and the motion of the piston is decelerated and reversed. For diatomic

test gases, peak temperatures of 2000-40000 K are generated. Because of the poly-

* tropic temperature dependence on the compression ratio p/po, the heating time is some-

* what longer, i.e. 3-4 milliseconds, than the compression time. The shorter time

will be used for estimating the capabilities of CARS diagnostics.

This section addresses the several factors which need be considered in the

design of a CARS system for measuring temperature and species concentration in a

ballistic compressor. There are a large number of commercially available lasers on

the market; suitable types must be identified. In the following section the capa-

ilities of several laser types are determined by estimating the measurement signal-

Lo-noise ratio from laser manufacturer's specifications. Factors which limit the

iocussed laser intensity are considered and the CARS diagnostic capability within

these limitations is estimated. Detectors which are compatible with the envisaged

CARS system are then investigated. The section concludes with a description of a

CARS system with a general laVout and consideration of problems special to the

ballistic compressor.

Laser Selection

This section considers the selection of the optimum laser source for CARS

diagnostics in a ballistic compressor. Calculations illustrating the tradeoff

requirements for selection are develope*d for the prototypical hydrogen molecular
species. Similar calculations can be made for other species such as N, and CO.

Because of the need to account for collisional narrowiag, consideration of these
molecules will be left for a latter section of this report. In this section an

expression for the signal-to-noise ratio(SNR) for H 2 is derived from the standard
CARS power formulation. Next various laser types are considered to assess their

applicability to the present problem. Laser vendors have been consulted to obtain

specifications of current models and the best tperformance with state-of-the-art

technology. Laser sstems considert-d are. summarized in a table on page 11-8.

. *. II-1
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Several assumptions have been tacitly made in selecting a laser for this
application. One is that the Stokes dye laser will be operated broadband to
generate simultaneously the entire molecular CARS spectrum. Another is that it
is desirable to time resolve the compression pulse. This means that the laser
is to be either: (1) cw and modulated by the compression pulse, or (2) pulsed
with a time duration long compared to the ballistic compressor pulse or (3) rapidly
pulsed. Furthermore, collinear focussing of the beams into the ballistic compressor
test section has been assumed. This will give adequate spatial resolution for
low f numbers. Candidate lasers for all these modes of operation have been considered.

Hydrogen appears to be an ideal thermometric species for CARS diagnostics at
high pressures. The large rotation-vibration interaction in hydrogen splits the
lowest vibrational transition into a series of well resolved components. In CARS
nearby transitions are coupled together, but the large spacing in hydrogen effectively
removes the coupling simplifying the analysis of spectra. The width of the rotation-
al components broaden with increasing pressure because of the effects of rotationally
inelastic collisions. Collisional narrowing becomes important when the width of the
rotational components becomes comparable to the spacing between components; but be-
cause of the large spacing in H 2, collisional narrowing is not expected to be impor-
tant below a pressure of several thousand atmospheres (Ref. 11). This also con-
siderably simplifies experimental analysis. An additional advantage of H2 is that
it has a relatively large spontaneous Raman cross section for a diatomic molecule,
and this leads to relatively high CARS signal conversion efficiency.

In order to compare different candidate laser systems for the ballistic com-
pressor, an expression for the CARS SNR must be derived that is explicit with
respect to the pump laser frequency. The formulation for the CARS power, Eq. (6)
is repeated here for convenience.

? 2 2 1

3 14,2 3) P12 2 (9)

To reiterate, this expression is appropriate for focussed, diffraction-limited
collinear beams. On resonance Au. = 0 and

J

IlxI = -j 3d AN (10)

2
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where Ak.= Fis the spontaneous Raman linewidth in wavenumbers, cm-1 and

= N&. There is no frequency dependence in the susceptibility, because
34

dc /d) w is a constant (Ref. 12).

The CARS spectrum of H2 can be simply calculated from the population distribution.

The population difference ANvj = Nvj- NO (for Q-branch transitions) is (Ref. 13)

N gj N hcBv. { exp FBvj(J+l) hN j = N k T Q v 
T

~ exp I-Bv'J(J+l) hc - lcVi±lk k (11)

[ kT k T

whcre gj is the nuclear statistical weight, B is the rotational constant for
V

, level v, K is the symmetry number (K=l for unsymmetric diatomic molecules and
K=2 for symmetric diatomic molecules), Qv is the vibrational partition function,

4 Wv is the vibrational spacing between v and v' and the remaining constants have

their usual meaning. At the pressures encountered in the ballistic compressor,
compressibility in Hi is not important, so that N=p/kT. For H2 the nuclear statis-

tical weight is

gj = 1/4, J even

(12)
= 3/4, J odd

The population differences ' N for J=0,1,...7 are shown in Figure 2 as a

function of temperature for p=l000 atm. The odd rotational transitions predominate

over the even transitions due to the statistical weighting. There is a shift in
population to higher J at higher temperature. This fact can be expolited to de-

termine temperaturc' from CARS spectra as shown in Fig. 3.

The spontaneous Raman linewidth Skj for H2 is pressure broadened at these

densitits

kk. = Bp (13)J

wh.rt. B is th. broadening coefficient, usually expressed in cm- 1 /amagat and o is

the gas density (the density in amagats is the ratio of the density of the gas to
the density of the gas at one standard atmosphere and 00C). For hydrogen

B=l.4xlO- 3cm-1 /amagdt for Q(1) (Ref. 14).

The signal to noise ratio (SNR) in CARS is frequently limited by shot noise.

The photo-detector obeys Poisson statistics (Ref. 15) so that if Ne is the mean number

photoelectrons emitted from the photocathode the standard deviation is Ne1/2
' "nd the shot noise SNR is N e/Ne 1/2 = N 1/2. The number of photoelectrons can be
related to the CARS signal power P 3 an the pulse duration tp through the detection

quantum efficiency qQ and the collection efficieihcv E

11-3
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1/2 QC c P3 t

SNR N 1 hP 3 p (14)

e h"3

where h, 3 is the photon energy. P3 is given by Eq. (9 ). It is usual to split
off a portion of the primary laser to optically pump the dye laser. If f is the
fraction split off then the dye laser power can be written

PD = fCDPL (15)

where c D is the dye pumping efficiency and PL is the primary laser power. It is
easy to show that f=1/3 for maximum CARS generation. The SNR can then be written

SNR 1 A(X) PL (PLtp)1/2 (i)

where A(-) is a constant which depends on the pump laser frequency. The constant
A (.) is tabulated in Table I for various lasers. Consideration next will be given
to the various laser tvpes suitable for CARS diagnostics.

TABLE I

CARS SIGNAL-TO-NOISE RATIO FOR VARIOUS LASERS

p = 1000 atm, H2 @ 100% concentration

Laser L, X3,A A(X),W3/2sec-/ 2

N 3370 2956 6.32

Ar+ 4880 4057 6.47
2xNd:YAG 5320 4356 3.14

0The pulsed nitrogen laser radiates in the XIN at 3371 A. Radiation arises
from the second positive system (CT+ - B3g ) in short (20 nsec) high power pulses.

u gThe nitrogen laser appears to be limited to a pulse repetition frequency less than
100 Hz however. In addition the beam quality is usually poor. This can be over-
come by using the N2 laser to drive a dye laser which becomes the pump laser.
Because of the low prf the nitrogen laser has not been considered to be viable.

IT-6
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The argon ion laser operates on transitions of the doubly ionized arson

atom (Ref. 16). Strong stimulated emission is observed at 4880 and 5145 . The

CARS frequency dependence favors the 4880 9 line even though the power on 5145 is
generally higher. The Ar+ laser operates continuously with powers up vlO W on

a single wavelength using a prism in the cavity. Since the CARS SNR is propor-
tional to laser power to the 3/2 power and time to the 1/2 power, it is advan-

tageous to use a shorter pulse, higher peak power laser. This can be accomplished
with the argon ion laser by cavity-dumping or mode locking. Both techniques use

a modulator in the cavity to prevent stimulated emission until a large population
inversion is attained, then the modulator is turned on and stimulated emission

and laser output rapidly build until the inversion is depleted. Cavity dumpers

can be modulated from a few megahertz to single shot. With mode locking the

frequency is fixed by the cavity round trip time which is on the order of 91

megahertz. The peak power with either mode locking or cavity dumping is about

an order of magnitude higher than the cw power. The pulse duration is typically

200 ns for cavity dumping and 100 ps for mode locked operation. Neither of the

leading manufacturers of argon ion lasers offer a cavity dumping option with

their highest power models, although both plan to do so in the spring of 1080

(Refs. 17 and 18).

Most other gas lasers have low pulse repetition frequencies, and poor beam

quality or lower power. Among solid state lasers, ruby and neodymium-glass are

restricted to low prf by the low thermal conductivity in the host material.

Yttrium aluminum garnet (YAG), on the other hand, has a good thermal conductivity

and therefore when used as a host for neodymium can be used at combined high output

power and rep rate.

Nd:YAG emits strong laser radiation at 1.06 w (Ref. 19) and must be frequency

doubled (5320X) to provide a pump frequency suitable for CARS diagnostics. The

Nd:YAG rod is optically pumped with a flashlamp. Several modes of operation are

possible depending on whether the flashlamps are cw or pulsed and whether a Q switch

is used to increase the peak power. Nd:YAG lasers offered by manufacturers can

be divided into: (1) cw flashlamp/Q switched, (2) pulsed flashlamp/Q switched and

(3) pulsed flashlamp alone. Typically, pulsed flashlamp models have a prf on the

order 1-20 Hz whereas cw flashlamp models can be pulsed at rates up to 10-20 kliz,

hence the former have not been considered for this application.

Laser manufacturers have been consulted to obtain specifications consistent

with current state-of-the-art technology. The performance of the various laser
types is summarized in Table II. The lasers are divided into groups by waveform,

and the applicable form of the dependence of SNR on laser power and pulse duration

is listed for each waveform group. In this table P denotes the peak (or cw) laser

power, tp is the laser pulse duration, and tm is the measurement time, which is

assumed to be a small fraction of the ballistic compression time. For high pulse

repetition frequency (f) models, it is assumed that spectra will be averaged over

a number of pulses equal to ftm . The SNR calculated from Equation (16) is shown

II-7
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in the last column. It represents the signal-to-noise ratio that can be expected

for measurements limited by photon statistics with hydrogen at 100 percent con-

centration, 1000 atmospheres and 40000 K. The value shown represents the minimum
SNR among the first four odd Q branches, i.e. Q(

7), and therefore is somewhat

pissimistic. For other Q branches (and other temperatures) the SNR can be

,_timated by referring to Fig. 2, and scaling SNR uAN V . The SNR values shown

ri Table II should be used to compare lasers; realizable measurement SNR's will

be discussed at the conclusion of this section.

One laser type clearly stands out, but it is wcll to go down the list to
indicate other factors which do not appear in the table. The cw laser approach is

embodied by a high power argon (or krypton) ion laser. The 7 Watts listed represents
a high power model operating with output on a single transition. There appears to

be nothing to be gained by cavity dumping or mode locking. The power is increased

by a factor of five by cavity dumping but the pulse is shortened to 14 nanoseconds

at 0.8 MHz prf. For mode locked operation the peak power is nearly comparable to
cavity dumped operation and the laser pulse decreased to 100 psec. The mode locked

train of pulses are separated by the cavity round trip time (11 nanoseconds), there-

fore the prf is 91 Mlz. When the mode locked laser is used to synchronously pump
a dye, it emits a mode locked train of 2-10 picoseconds with a peak power of 1

kilowatt. The pulse time that must be taken in the SNR expression in this case is

the dye laser pulse duration. It is seen that all variants of the Ar+ laser approach

.ave similarly low SNR's. Before leaving the argon ion laser it might be noted that

there can be some advantage to using some of the otherwise unused spectral output
of the laser. For example if the 4880 line is used to provide the CARS pump, the

5145 X line can be used to drive the dye laser. The scheme increases the predicted
SNR by a factor of 4.5, which is not high enough.

From Table II the high rep rate Nd:YAG laser is predicted to provide the best

performance. The pulsed, non-Q-switched laser can have peak power of approximately

300 W (1 Joule, 3 msec at 1.06 ,m) but this power is low for efficient frequency
doubling. The peak power at 5320R with optimum focussing in the doubling crystal
"Rk-f. 20) is 4 W with a KDP doubler. With a LilO 3 doubling crystal the conversion

•iciency is much higher, but this crystal has a lower damage threshold. Further-

re it should be pointed out that fixed Q solid state laser are subject to output

iking which would cause measurement problems and may damage the doubling crystal.
A high repetition rate Nd:YAG laser, on the other hand, can have peak powers in

excess of 680 W at lOkHz rate. In these lasers the flashlamp is operated continu-

ously and the Q switch, which is an acousto-optic modulator, is turned on and off

at a high rate by an rf signal. The frequency doubler is placed in the cavitv to

increase the doubling efficiency. Ont, possible advantage of these lasers is that

higher laser output power can be obtained at lowet prf, so that data rate (or

temporal resolution) can be traded off for improved signal-to-noise. The advantage
of lower rep rate is shown in Table I1l; which is based on the measured performance

. of a recently delivered model (Ref. 21). The SNR shown in this table because it is

for 4000 K and 1000 atm is somewhat pessimistic and does not represent values

achievable under more favorable conditions.

I1-9
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TABLE III

EFFECT OF PULSED REPETITION FREQUENCY ON Nd:YAG ESTIMATED SNR*

100%
f t Ppeak SNR

0.5 124 4.5 334

1.0 125 4.6 346

2.0 134 3.7 259

5.0 164 1.9 105

10 233 0.68 27

20 378 0.18 5

kHz ns kW

Based on manufacturer's data for a Model 512 QG Control Laser Corp. (Ref. 21).

Laser Intensity Limitations

Up to this point attention has been focussed on maximizing the signal power

to maximize the photon statistics-limited signal-to-noise ratio. There are factors

which limit the laser intensity in practical applications, however. These are

discussed briefly below.

Stimulated Raman Gain

Stimulated Raman gain occurs when the incident pump laser intensity is very

high. Amplification is produced at the Stokes frequency with a gain, G such that

(Ref. 22)

G = I = exp (gsl ) (17)
Ii

where the gain coefficient gs is

gs 167 2c2NVL _j do (18)
hws 3n s 2,T, j6

where ANvj is the population difference between the Jth rotational sublevel of the

vth vibrational state and the next higher vibrational state; Fj is the Raman line-

width (radians/sec) and ns is the index of refraction at the Stokes wavelength.

Perturbation of the Stokes wave will be most serious at the highest density com-

pressions. The population difference LNvj was calculated for compressions of 1000,

2000, 3000, 4000 and 5000 with p. = latm assuming an adiabatic polytropic relation
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for the temperature (Ref. 23). The maximum ANvj is 3.38 x 1020 for J 5 at

= 4000-5000 atm.

Using this value the gain is calculated to be

gs = 4.3 x 10-1 0 cm (19)
W

For a focussed beam IL is a function of distance along the focal axis. The gain

was integrated numerically through the compressor test volume by dividing the

focal region into 20 regions along the focal axis. The intensity was evaluated for

each region for the diffraction limited beams (worst case) according to

1(z) 4P= 1 I+(D z 2 I1 (20)
• hQ

' (fC l) \f 2 J

where f is the focal length of the focussing lens, 81 is the beam divergence of

the laser, D is the beam diameter at the lens and z is the coordinate along the

focussed beam with z=O at the center. The Nd:YAG laser considered for this

application must be beam expanded (-4x) to focus the beam to a small diameter. In

this case 01 = 0.5 milliradian and D = 6 mm. TIe gain G integrated across the0

test volume is then

Z- /. z

G = E exp(gsIiz) (21)
i

.here £ is the test section length, Az is the strip width, and Ii = I(zi). This

equation has been evaluated for the parameters above for f=10 cm; the results are

summarized in Table IV.

TABLE IV

PREDICTED STIMULATED RAMAN GAIN PERTURBATION

Diffraction limited beam, f=10 cm

Rep Rate L

0.5 4500 1.028

1 4600 1.029

2 3700 1.023
5 1900 1.012

10 680 1.004

kliz W -
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These calculations show that the Stokes gain is becoming significant at the higher
power levels. Since the Stokes gain depnds on the quantum level, temperature

measurements as well as concentration measurements would be perturbed by this

effect. It is important to note that SRG could be used to make temperature and

concentration measurements. There are, in fact, certain advantages to doing so;

this subject will be taken up in Section IV.

Saturation

The second potential limitation arises from the population perturbation which

Taran (Ref. 24) demonstrated can be expressed on line center by

S-1 _ 1 d. = 2 4c Cg 2 (22)

Z.L dt K

where_." is the fractional population difference (= N /N). Since L (t) = . (0)2 .,j 3 2
exp (-t/T.), the population distribution will not be perturbed if TL>>t , where t

is the laser pulse duration. For broadband Stokes radiation the intensity within

the Raman linewidth should be used in this expression. For H 2 , assuming j 0.15

cm-1 (x 2-c) T.=1.5. x i011 (1112 )-l sec where the intensities are in W/cm 2. The
Nd:YAG intensity at 10kHz is ' 0.30 GW/cm 2 . If one assumes the dye intensity is

10 percent of this value and has a spectral bandwidth of 200cM -1 , a time constant

of 23 msec is calculated, which indeed is much larger than the laser pulse duration.
Therefore the Nd:YA(; should not seriously perturb the medium at the intensity levels

being considered.

Optical Breakdown

The high electric fieid strength in the focal region of a high power laser can

cause the medium being examined to breakdown, that is become fully ionized. Plasma
formation substantially alters the medium precluding optical diagnostics. A com-

prehensive review of laser induced gas breakdown was presented by Smith and Meverand

(Ref. 25). To date most work has been concerned with breakdown at 10.6, 1.06, or

0.6943 ,m. In general the breakuown threshold, i.e. the intensity when breakdown

becomes highly probable, is a fun~tion of laser wavelength, pulse duration, gas
pressure and composition. Threi, pressure domains have been identified as showni in

Fig. 4: (1) the low pressure multiphoton ionization regime, (2) an intermediate

regime and (3) the high pressure regime in which the collision frequency is greater

than the radian frequency of the radiation field. At the pressures of interest in
the ballistic compressor the latter case holds and the breakdown threshold

increases approximately linearly with the gas pressure. The presence of particu-
lates generally acts to lower the breakdown threshold. Investigators (Refs. 26

and 27) have found that large particulates (i.e. greater than several microns in
diameter) decrease clean air thresholds by about two orders of magnitude. Smaller

particulates generally have no effect due to the very high electron diffusion
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losses. Gas temperatures up to 2000 or 30000K are generally not expected to
affect the threshold level other than through a density effect. In recent experi-
ments in a flame (Ref. 28) this was indeed found to be the case. Furthermore this

may also be valid for higher temperatures characteristic of the ballistic com-
pressor because of the low ionization resulting from finite ionization rates.

An estimate can be made of the breakdown threshold. At high pressure the
dominant electron energy loss mechanism in nitrogen is electronic excitation at

6.7 eV. Meyerand and Smith (Ref. 25) show that the breakdown intensity is given

by

1  
= 800 (1 + 4.5 x 10-6p2X2) (1 + 2 x 108 tpp) (23)IBd pt ,2

pt

2
where the breakdown intensity has units of W/cm , wavelength in microns, t in
seconds and pressure in atmospheres. For a nominal 200 ns pulse of doubleg neo-
dvmium radiation IBd = 1.3 x 1012 W/cm 2 at 1000 atm and 1Bd = 1.9 x 1013 at 5000
atm. These values are nominally representative of room temperatures. At 30000 K

these values are estimated to be: 5.7 x l0l W/cm 2 (1000 atm) and 7.5 x 1011

W/cM 2 (5000 atm).

The estimated breakdown threshold for clean nitrogen is well in excess of the
intensities expected from the Nd:YAG laser. The particles present in the ballistic
compressor are not expected to be large enough to substantially affect these

estimates, as is also the case when considering H2 instead of N . Therefore optical
breakdown is not expected to be a problem in these measurements.

Summary of SNR Calculations

The signal-to-noise ratio for pure H2 test gas in the ballistic compressor

has been estimated for several laser types. The Nd:YAG laser emerges as the most
suitable. The cw flashlamp Q-switched type appears to be superior, although a non-
Q-switched pulsed flashlamp model may be competitive if predicted doubling efficiency
can be sustained with an efficient doubling crystal such as LiO 3 . The pulsed

flashlamp laser however may exhibit a certain degree of spiking whereas the pulse-
to-pulse stability of the Q-switched model is + 5%, which should be much better.

Improved SNR performance is predicted for lower repetition rates with the

high rep rate YAG because of the higher peak power. Forsaking time resolution
entirely and using a single high power pulsed laser such as a pulsed flashlamp,

Q switched Nd:YAG laser probably will not gain very much in SNR performance because
of the limitation on intensity imposed by stimulated Raman gain. The Stokes gain
is estimated to be a few percent for the moderate 300 MW/cm2 intensity obtainable
with high repetition rate lasers. At the intensities that can be reached by the

pulsed flashlamp laser (,,102 GW/cm 2 ) with a 10 cm focal length lens stimulated

11-14
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Raman gain would preclude CARS measurements. As previously noted SRG could also

be used to make measurements in the ballistic compressor. The analysis is some-
what simplified because SRG depends on the imaginary part of the susceptibility.
Methods using SRG spectroscopy are discussed further in Section IV.

The SNR results shown inTable IIl are based on the Q(7) transition which is
weaker than the other transitions throughout the temperature range of interest.
In general, the more populated rotational states have population differences a
factor of 5 higher than Q(7). Since the SNR scales directly with ANvj the SNR
of the higher populated transitions i.e. Q(3) and Q(5) will be a factor of five
larger. Therefore at a repetition rate of 10 kHz the predicted SNR is 135. Thus
far signal-to-noise ratio calculations have assumed 100% concentration of H2. A
typical gun barrel composition may contain at most a few percent H2 depending on
the propellant. It is perhaps reasonable to add H2 up to 10% to the ballistic
compressor test gas mixture for diagnostic purposes. The CARS SNR at lower H 2
concentration for the same total pressure depends critically on the magnitude of the
foreign gas broadening coefficients. If H2 is the dominant broadening partner even
at low concentration, then the SNR will be proportional to the square root of the
hydrogen concentration. On the other hand, if the broadening coefficient of the
additive gas is comparable to H2, then the linewidth will be independent of H2
concentration and the SNR will scale directly with concentration. 'Unfortunately
the broadening coefficients of other gases such as N2 , CO and CO2 are not known
at the present time. The two limiting cases can be used to bracket the expected
SNR range. Taking the lower power Nd:YAG SNR to be 135 at 100% concentration, at
10% concentration one would expect a SNR of 14 for linear scaling and 43 for square
root scaling. Measurement accuracies will be considered at the conclusion of this

section.

Predictions of CARS measurement capabilities have so far focussed on hydrogen
in this section. Nitrogen CARS at high density and pressure is consideied explicitly
in Section III. The prediction of the spectra is complicated by collisional narrow-
ing. In recent experiments at LTRC very satisfactory agreement between collision
narrowed experimental and calculated spectra has been obtained at 100 atm and 300 0 K.
While many more such comparisons will be needed to fully validate the computer
model, this initial result appears to be very promising. Because of the narrowing
effect the CARS conversion efficiency rises dramatically so that SNR is not expected
to be substantially lower for N2 or like species.

S1..*1
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Ballistic Compressor Detection System

The CARS radiation must be spectrally dispersed to make temperature measurements.
The dispersed signal can be recorded electronically with a vidicon or a diode array.
The vidicon has a photocathode on which light is imaged causing electrons to be

accumulated on an adjacent semiconductor surface. An electron beam is scanned over
the semiconductor causing a current to flow in an external circuit as charged areas
of the film are neutralized by the beam. Operation of the diode array is similar
except that the semiconductor surface is replaced by an array of diodes. Currently

available vidicons and diode arrays require about 10 milliseconds to scan the
deLctor area. This precludes time resolved CARS measurements in the ballistic
compressor in a straightforward manner.

* Previously,vidicons for scientific applications were one dimensional. A two
, dimensional vidicon has recently been introduced i.e. OMA II (Ref. 29). The device

can be used to time resolve the dispersed CARS signal by sweeping it across the

OM\ face. To do this a rotating optical slit is used to permit lignt to fall
successively on different bands along the OMA face. Imagine the OMA face to be a
two dimensional surface with x and y axes. Suppose that the CARS spectrum is dis-
persed along the x axis. If the entrance slit is illuminated with a cylindrical
lens that focusses the CARS radiation along the entrance slit, then another slit
scanning perpendicular to the entrance slit will permit the dispersed radiation
to fall on a strip along the x-axis which sweeps in time across the y-axis. The
chopper has many slots and is designed so that there is always an aperture open
to the entrance slit. It is in fact designed for a 10 mm slit height. The chopper
speed is then set to sweep a single aperture across the entrance slit in a time
equal to ballistic compression time. If the laser pulses -10 times per compression
time, then 10 strips of dispersed CARS signals will be recorded on the OMA. Timing

between the compression and the chopper is not critical. Significant CARS gen-
eration may start when the chopper aperture is half way across the entrance slit,

then Lhe latter half of the pulse will be displayed on the bottom or top of the
O L depending on the chopper direction. These signals can be manipulated within
the detector controller to restore the normal te'poral sense to the display. It
may be desirable to gate the OMA on at the onset of significant compression to
minimize the signal background. Appropriate synchronization can be derived from

the magnetic pick-up on the compressor tube. One disadvantage of the rotating
optical slit is that most of the CARS signal is blocked by the chopper. This
would impose a severe limitation on time resolved CARS measurements at low H, con-

centrations. It may be possible to use a scanning mirror to move the CARS beam
focussed by a spherical lens across the entrance slit, thereby avoiding a large

attenuation in the signal.
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Diagnostic System Considerations

Measurements in the ballistic compressor appear to be a straightforward
extension of previous measurements with a few exceptions. The individual com-

ponents of a CARS system are reviewed in this section. This discussion is followed

by the consideration of special problems of ballistic compressor diagnostics

such as compressor recoil, window deflections and CARS generation in the windows.

Experimental Arrangement

The CARS diagnostic system for the ballistic compressor is shown schematically

in Fig. 5. In this configuration a portion of the doubled output of the Nd:YAG

pump laser is split off (1/3 reflection is optimum) to pump a broadband dye laser.
The split off beam is directed to a lens L which brings the beam to a focus on the

far side of the dye cell DC. This arrangement prevents damage to the glass walls

of the cell. Cavity mirrors M are broadband dielectric coated. The aperture A

serves to limit the mode volume. Since there are no frequency selective elements

in the dye cavity the output is broadband (typically 100-200 cm-1 ). The dye laser
is combined with the pump laser on a dichroic mirror DM coated to transmit the

Stokes frequency and reflect the doubled neodymium frequency at 450 orientation.
The combined beams are focussed into the high pressure section by lens L and are

subsequently collimated by another lens L. Allowance should be made for the effect

of the thick windows on the effective focal length of the lens. The beams are

dispersed by a Brewster prism (900 deviation prism) and the doubled Nd:YAG and dye

beams are trapped. The CARS beam is further filtered with an interference filter

(IF) which could also be a cut-off filter. The CARS beam is then focussed onto

the entrance slit of the monochromator. A rotating wheel chopper scans the CARS
beam across the entrance slit. The monochromator resolves the CARS signal and

disperses it onto the face of a two dimensional multichannel analyzer.

A photomultiplier is used in front of the monochromator to collect the CARS

signal integrated over all rotational components of the Q branch. This signal

can be used to make concentration measurements, but a separate reference leg is

required. This is shown in Figure 5 by a beamsplitter reflecting off a portion of

the pump and Stokes beams incident on the high pressure test section. The split off

beams are sent throuch a reference cell which contains the same test gas as tne

ballistic compressor. CARS is generated in this cell, which is maintained at

high pressure (500-1000 atm). The reference CARS signal is used to normalize
the ballistic compressor CARS signal with respect to laser power fluctuations.

Figure 5 shows a single laser source, but a second laser could be used to

drive the dye laser, providing a factor of about 3 increase in the predicted

measurement signal-to-noise ratio. The lasers would have a common oscillator
Jriving the Q switch of each laser. To synchronize the optical pulses it would

bv necessary to provide an adjustable delay between the two lasers. An electronic

delay to the Q switch driver is preferable although an optical delay line also is
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possible. The reason the delay is required is that each Nd:YAG rod has a

characteristic time for the build up of stimulated emission after the Q switch

is activated. The bt.id-up time in general is different for each rod, but is

consistent from pulse-to-pulse for that rod.

Compressor Recoil

When the reservoir pressure is applied to the piston the entire ballistic
compressor apparatus moves in a direction opposite to the motion of the piston.
The motion is caused by the pressure imbalance between the high pressure reservoir

and the low pressure test section. When the piston compresses the test gas to
high pressure the pressure imbalance reverses and the motion of the ballistic
compressor is momentarily stopped, and reversed. The forces acting on the ballistic

compressor when the piston rebounds are relatively high (%150 g). Designing optics
to withstand this acceleration may be possible, but on the other hand the amount
of motion is consistent and predictable (typically about 3.6 cm). So it is simpler

to align the laser to the axis where the windows are expected to be when the piston
rebounds. This approach was adopted by Hammond and co-workers for emission/

absorption measurements (Ref. 23) and should be applicable for CARS diagnostics.

The CARS system can be aligned through the windows prior to firing by trans-

lating the entire apparatus which is mounted on sleeve bearings. The laser out-

put can then be prevented by spoiling the Q of the cavity and the ballistic com-
pressor can be moved back to its pre-fire position. When the piston is released

and approaches the end of the tube, so that the windows are again aligned with the
laser axis, the laser is repetitively Q switched, and the time resolved CARS

spectrum is recorded. The approach of the piston can be sensed by the magnetic
pick-up mounted on the tube. This signal can be used to gate the laser on, or
better, activate an electro-mechanical shutter with the laser operating continuously.

Wit ow Problems

Possible window problems are two-fold. The ballistic compressor windows are
highly pressure loaded by the compression tending to form a meniscus lens, thereby

possibly distorting the focussed laser beams. The second window problem is that

the laser can generate CARS in the window material.

Raman spectra of glasses have been measured by Galeener et. al. (Ref. 30).

Fused silica (SiO2) has a peak cross section at k=440 cm-1 . There was no structure

in SiO-, beyond about 700 cm-1 , nor is any expected. Therefore at the Raman shifts

of interest CARS will be generated through the nonresonant susceptibility.

Levenson (Ref. 31) determined X (3 )= 0.7 x 10- 7 cm3/J for SiO 2 using two lasers

with a difference frequency of MO cm- 1 . Since no structure is expected in this
region and beyond to the range of interest for gas diagnostics 1500-4000 cm-1 , this

value should be reasonable to estimate the CARS generated in the windows. In

11-19
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this case the intensity formulation must be used (Eqn. 3). With z = 1.27 cm which
is the thickness of the window and I = 3.9 x 104 W/cm 2 at the window, P is

calculated to be 2.9 x 10- 1 1W. This corresponds to a SNR of 1.0 which s~ould be
compared with SNR (H2 ) = 27 at similar laser power. This level should not cause
a problem. There are two approaches that can be taken if window generation were

a problem, however. The focal length of the focussing and collimating lens can

be shortened thereby increasing the intensity in the gas while lowering the in-

tensity and thereby the CARS generation in the windows. An alternate approach is
to generate a reference window CARS level on the detector which could be subtracted

electronically later from the test CARS. The background level could be generated
at low pressure before the compression. In this case most of the CARS will be

generated in the window. CARS generation in the window could be eliminated by a

BOXCARS configuration (Ref. 6), but the SNR penalty imposed by the shorter inter-

action length precludes its use for this application.

The second window problem that has been examined is bending of the window

under the stresses of compression leading to a distortion of the focussed beams.
Pressure loading of the window tends to form a meniscus lens. At 3000 atm the

deflection at the center of the window is estimated to be 5 x 10- 5 cm. Assuming
the deflected window surfaces are spherical, thE focal length of the lens formed

by the window is estimated to have a focal length of -7 x 105 cm (Ref. 32) and

therefore should not be a problem.

CARS Measurement Approach for Ballistic Compressor Experiments

Figure 2 shows the effect of temperature on the distribution of the rotational

components of the CARS spectrum of H 2 . The temperature can be determined from the

ratio of the intensities of the more highly populated odd rotational components
as measured on the OMA 11. The ratios of the intensities can be extracted from

the population differences by scaling with (LNvj)2. For other gases, such as N2
and COsimilar techniques can be used except that the ratio of vibrational bands

derived from CARS model calculations must be used. An estimate can be made of the

temperature accuracy considering the signal-to-noise ratios for H2. For a Poisson

distribution of photons the temperature uncertainity oT is related to the ratio

of Q-branch intensities, r(=Ne/Ne'):

C r dT 11 + 1 l/2 (24)
dr N N'l

where N and N ' are the CARS signals (number of cathode photoelectrons of the twoee

levels considered, which can be related to the SNR, i.e. SNR=N 1/2. At 25000 Ke
rdT/dr k 13000 K for Q(5) to Q(1) so that with a SNR of about 100 the temperature

uncertainty is about 181K or 0.7/. This is the uncertainty for 100% concentration
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hydrogen. At 10% concentration, if the SNR scales as the square root of the con-

centration, the temperature uncertainty is 580 K. If the SNR scales directly with

the concentration the temperature uncertainty is 1830 K or 7%. The temperature

accuracy can be increased by about a factor of 4 by decreasing the repetition rate

from 10kHz to 5kHz, thereby decreasing the temporal resolution as well.

Concentrations can be determined from the integrated CARS intensities, that

is the sum of the intensities of the Q(J) lines, which is measured by the PMT look-

ing at the prism dispersed CARS signal in front of the monochromator. To relate

the measured signals to the concentration, the effect of laser fluctuations must

be accounted for by comparison to the CARS signal generated in the static pressure

cell in front of the ballistic compressor test section. The signal can then be

related to the concentration if the temperature and linewidth are known. The con-

centration can be estimated from currently known linewidths for high H2 concentra-

tions. In order to make precise measurements for equation of state measurements,

for example, more linewidth data will be required.

11-21
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SECTION III

THEORETICAL PREDICTION OF HIGH PRESSURE CARS

SPECTRA OF DIATOMIC GASES

Up to now calculations have addressed ballistic compressor CARS
measurements with H 2 thermometric species, because of the simple spectra and
lack of collisional narrowing effects. However, nitrogen and carbon monoxide
species are more relevant for ballistic compressor experiments. At the extreme
densities attained in the ballistic compressor, collisional narrowing is
expected to be quite important in these molecules. At moderate pressures,
c olisions individually broaden the rotational components of the vibrational
transitions, which arise from the rotation-vibration interaction. At high

ldensity, when the frequency of rotationally inelastic collisions is large
compared to the rotation-vibration interaction, a molecule might go through
many rotational states during one light scattering process. In this case the
molecules would scatter light at an average frequency rather than at the
individual rotational-vibrational frequencies. The result is a coalescence of
the band to a single narrow peak.

The effect of collisional narrowing on CARS spectra is being studied
under an Army Research Office contract. As part of this contract high pressure
CARS spectra will be modeled analytically. Results of this analytical effort will be
checked with experiments in heated static pressure cells (p 1 100 atm, T 17000K).
Although the corresponding densities are below ballistic compressor values,
attempts to understand high pressure AMMRC CARS diagnostics should benefit from
the ARO investigations.

Predictions of high pressure N 2 CARS have been made based on the model
developed for ARO (Ref. 33). Because CO has very nearly identical molecular
constants the predictions are not expected to be greatly different from N.,.
Therefore the N2 results can be taken to be representative of CO within the
expected uncertainties.

The theory of high pressure CARS is based on a quantum-mechanical
derivation of the third order electric susceptibility that is valid for over-
lapping spectral lines. Important parameters in the susceptibility expression
are the homogeneous, isolated linewidths for all Raman Q-branch transitions,
cenoted by the symbol r. These quantities are the pressure-broadened widths
that each transition would have if it were not overlapped by neighboring
transitions. At high pressure,adjacent spectral lines will overlap, and it
becomes necessary to supplement the isolated linewidths by a matrix of off-
diagonal linewidth parameters, denoted by y, in order to calculate the CARS

.. .* 111-1
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spectrum. These off-diagonal elements are related to the rates of collisional

energy transfer between molecular states, and govern the collisional, or

pressure-indced, narrowing of the CARS signature at high pressure.

All of the calculations to follow assume that N 2 is the active molecule;

unless otherwise stated, its assumed concentration is 100 percent. In the
numerical calculations, the isolated linewidths rt were assumed to have

negligible J dependence and to be given by

= .03 __(2000 cm (25)

, for all t where t is an index running over all Q-branch transitions, p is the

* pressure in atmospheres, and T the temperature in 0K. This simple form is
*suggested by the measurements of Owyoung (Ref. 34). The off-diagonal linewidth

parameters yts were calculated from the selection rules J - + w or ±' 2. The density

of active molecules N and the background susceptibility X both are assumed to
vary simply as p/T. The Stokes laser is assumed to be 20A cm-1 wide, and the

combined Gaussian width of the pump and OMA is taken to be 2.8 cm-1 .

Pressure-Induced Narrowing

As Fig. 6 shows, collisional narrowing is predicted to play a major role

in changing the shape of CARS spectra at the pressures and temperatures of

interest in this study.

In examining Fig. 6 it must be appreciated that the widths of the isolated
lines are 30 cm-1 . Without provision for narrowing, the resulting overlap of

transitions leads to a very low resolution spectrum (dotted line) that is

devoid of spectral detail. With narrowing, "owever, a remarkable spectral
contraction of each vibrational band occurs, giving rise to distinct 0-1,

1-2, and 2-3 features.

Each distinct vibrational band consists of a large number of neighboring
Q-branch transitions. Collisio.il narrowing causes these adjacent transitions

to interfere with each other in such a way that each band contracts, rather
than expanding with increasing density.

The width of the 0-1 band at 1000 atm is actually narrower than it is at

1 atm as is shown on Fig. 7. This figure exhibits the calculated pressure

dependence of the 20000K N 2 spectrum for pressure ranging from 1 to 5000 atm.

As the pressure increases, the widths of the vibrational bands decrease, at least

up to 1000 atm. This is the collisional narr9wing effect. At 5000 atm, the

bandwidths begin to increase slightly. This is consistent with experimental

111-2
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results on the room temperature spontaneous Raman spectrum of N 2 where a
leveling off of the width decrease and a slight increase are observed at about

350 amagat (Ref. 35).

The qualitative features of these predicted spectra are sensitive to the

model selected for the off-diagonal linewidths, however. Figure 8 shows how
the predicted 2000°K, 1000 atm N 2 spectrum changes as the selection rule for

the rts changes from + 2 to unrestricted. Clearly more will have to be known
about these parameters if good theory-experiment fits are to be achieved. It

is interesting to see that the AJ = + 2 selection rule on the rts gives rise

to a greater narrowing effect than does the AJ unrestricted rule. For the

"J = ± 2 case the coupling terms act over a smaller frequency interval, but
* the off-diagonal linewidths. YJ, J + 2 are individually stronger than in the

case where J in unrestricted. This fact apparently gives rise to a stronger

narrowing effect than is the case for individually smaller off-diagonal elements

4acting over a larger frequency range.

Thermometry

That CARS will be useful for high pressure thermometry is evident from

Fig. 9, where calculated 1000 atm N2 signatures are shown for T = 20000 K,

3000 K, and 40000 K. It is evident that the 1-2 and 2-3 hot bands are very
sensitive to temperature; at 40000K the strength of the 1-2 hot band actually

exceeds that of the 0-1 fundamental. This can occur because the squared matrix

elements of the isotropic polarizability are roughly proportional to (v + 1),

where v is the vibrational quantum number of the initial state. The ability to

perform thermometry will depend on the theoretical prediction that the individual
vibrational bands remain sharp. The sharpness of the bands is in turn a con-

sequence of collisional narrowing occuring within each band. If the vibrational
dependence of the S matrix is neglected, which should be a good approximation,
then transitions belonging to different vibrational bands do not interfere with

each other in the rarrowing process.

Spectrally Integrated Signals

The spectrally integrated CARS power has also been calculated in each
computer run, and the results are shown in Fig. 10 for T = 2000°K. The

calculated data points correspond to the signatures shown in Fig. 7. At low
pressures it is expected that the integrated intensity will be proportional to

pressure (or N). This is borne out by the computer calculations, as can be seen.

Actually, the variation between 1 and 10 atmospheres is slightly greater than
linear because of the cross-term contributions. At higher pressures, the

integrated intensity takes on a pressure dependence that is approximately
quadratic (% N2 ). The reason for this dependence is collisional narrowing,

1I1-5
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but the explanation for the approximately quadratic dependence is not known.

If the 1000 atm calculation is performed without narrowing by setting the
Yts = 0 (See dotted line, Fig. 6), the integrated intensity is about a factor
of 5 lower than the value shown on Fig. 10. The pressure dependence of the

predicted 40000K spectra is very similar to that shown in Fig. 10, although

the transition from linear to essentially quadratic dependence is slightly less

rapid with increasing pressure.

An interesting result is that the calculated integrated spectra do not

seem to be very sensitive to the off-diagonal linewidth parameters y , as long" ts
as sum rule and detailed balance relationships are observed. For example,

changing the selection rule from AJ = _+ 2 to the unrestricted case results in

an integrated intensity variation of less than 2 percent. Changing the energy

defect parameter in the -Jyj7, expression an order of magnitude resulted in an

even smaller variation. This result is quite important, for it suggests that

density measurements can be derived from the integrated intensity without having

to know the off-diagonal linewidths very accurately. However, temperature

would have to be first known for this to be feasible.

At a given pressure, the integrated CARS intensity has a strong inverse

dependence on temperature as Fig. 11 shows. In part this is due to the trivial

fact that the density is varying as l/T. Correcting the intensities by dividing

by N 2 , as Fig. 10 would suggest, does result in a somewhat slower decrease
with increasing temperature. This is equivalent to correcting the points for

constant density. However, it is apparent that the integrated CARS intensity

is not just a function of density, but also has a significant temperature

dependence. This means that density cannot be deduced from an integrated

intensity measurement alone; information about temperature will also be

required.

Minority Species Detectivity

All of the foregoing calculations have been carried out for a mixture of
100 percent N1. Because there is also interest in CARS for minority species

measurement at high pressure, calculations have been carried out for fractional

concentrations of N 2 in a background gas having the same background susceptibility

as N 2  Figure 12 displays the results of these calculations for 1 percent and
") percent N2 at 20000K and 1000 atm total pressure. In each signature the

haracteristic interference dip at about 21130 cm-1 is evident. This dip

is caused by destructive interference between the real part of the resonant

susceptibility and the background contribution. It is apparent, though, that

the situation is very favorable for minority species detection, because the

resonant features of the signal are distinct even at 1 percent N 2. This
calculation indicates that the detection sensitivity for N2 is likely to be

111-9
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even better than the 1 percent level. There is no reason to expect that the
situation will be different for other molecules such as CO, because most of the

molecular parameters are similar.

There is an appreciable reduction in CARS power associated with the smaller

N 2 concentrations, however. Normalized to the 100 percent N2 value, the

computed 1 percent and 10 percent powers are .018 and .029, respectively. In

general we have (Eq. 2)

X3 = XR + iXR + XNR (26)

and the CARS power will be proportional to:

IX312 = 2 + 2 2  + 2 (27)
* ix3  = + X + R XNR XNR

which for a minority species I I « I NRI is given approximately by:

1x31 XNR (I + 2 XR/XNR) (28)

Summary of Theoretical Analysis and Calculational Results

The theoretical analysis on which these results are based rests on one

fundamental assumption, that of the impact approximation. This means that it

can be expected to be valid unless the pressure ib oo high that molecular

collisions are no longer of binary type. This means that the collision duration
must be appreciably shorter than the mean free path time between collisions. A
crude estimate is that this will be satisfied as long as the pressure remains

below 104 atm at 20000 K.

In the numerical implementation of the analysis, vibrational dependences

of the S-matrix are neglected, making it possible to ignore the line shifts.
While there is evidence that this is a reasonable approximation to make,

comparisons between experiment and theory at very high pressures may show the

need to include these dependences in the theory. In principle, the same

analysis used to calculate the isolated linewidths (Eq. 25) could be used to

calculate line shifts. In practice, one is only interested in including line

shifts if there is a significant dependence of shift on vibrational or rotational

quantum numbers.

One of the main results of the computer calculations for Ni is that the
high pressure spectra can be expected to remain qualitatively s ilar to what

is seen at one atmosphere. The large isolated linewidths at pressures on the

order of 1000 atmospheres do not totally obscure all spectral detail in the
signatures. Due to collisional narrowing, the individual vibrational bands
remain relatively sharp. This is very favorable for thermometry, because

III..
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temperature can be derived from the relative strengths of these bands. The

predicted spectra are, however, sensitive to the off-diagonal linewidth
elements, about which little is known at present.

Spectrally integrating the CARS signatures appears to be attractive for

making species number density measurements. Interestingly, the predicted

integrated intensities don't seem to be sensitive to the selection rules and
functional form of the off-diagonal linewidth elements, as long as the collisional
narrowing effect is included in the calculations. The integrated intensity is
not just a function of density, however, having an appreciable temperature

dependence even at constant density. These calculations also show that CARS

will be useful for minority species detection at high pressure.

The calculated results presented here represent a large extrapolation from

the low pressure calculations that have been found to be in very good agreement

with experiment (Ref. 9). At this time, the high-pressure calculations have

inot been validated because no pertinent experimental data has yet been taken.

However, the theory rests on the same quantum-mechanical foundation as analyses

of high pressure spontaneous Raman or infrared spectra. The assumptions that

have been made are reasonable and consistent with relevant experimental data.
We believe, therefore, that there are solid grounds for expecting that experimental

high pressure CARS spectra will prove to be similar to what we have presented

here. Recent experiments at UTRC show very satisfactory agreement between calculated

and measured spectra under conditions where collision narrowing effects are important.

Additional experiments at UTRC, together with further advances in linewidth theory
will undoubtedly yield more information about the important off-diagonal elements

of the linewidth matrix. The features of the high pressure, high temperature spectra

should be such as to make CARS attractive for diagnostics, and it is reasonable to

expect that these spectra can be successfully interpreted in terms of parameters that

will be well known.
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SECTION IV

STIMULATED RAMAN GAIN SPECTROSCOPY

Stimulated Raman gain spectroscopy can be used to make temperature and species
concentration measurements. At the high densities attained by the ballistic com-
pressor it may be advantageous to do so. The same equipment that is used for CARS

experiments is used for SRG. The process involved is illustrated in Fig. 13.
Rather than observe frequency mixing at the anti-Stokes frequency, gain of the

Stokes wave is measured. The expected result for a broadband dye laser is shown in
Fig. 13, i.e., gain in the high pressure medium caused by the pump beam wi will

modulate the Stokes laser spectrum as shown. The gain can then be determined by

the local peak height relative to the pedestal, which is just the original Stokes

laser profile. There are several advantages to stimulated Raman gain spectro-
scopy. The gain is proportional to Im (X(3)) which has a resonant shape (Ref. 22);
therefore there are no interference effects as with CARS and the background sus-

ceptibility has no effect. The integrated gain is directly proportional to the

molecular species concentration. Furthermore there is no requirement for phase

matching.

The estimates of Stokes laser gain factor, G indicate that with the high
repetition frequency Nd:YAG lasers the gains are on the order of a few percent.

The gain however can be increased by multiple passing the beams through the
high pressure section with a light trapping cell (Refs. 36 and 37). With such

a cell 10 passes are easily obtained (20-50 passes are feasible) thereby increas-

ing the gain an order of magnitude. Passing the beams many times through the

small windows of the ballistic compressor is nontrivial. Alternatively time

resolution could be sacrificed and one of the lower repetition, higher power Nd:YAG

lasers could be used provided the optical breakdown threshold is not exceeded. In
any event the gain measured in the test section should be referenced to another

cell maintained at a known, high pressure to eliminate the effect of laser pulse-

to-pulse fluctuations.

The detection system would be similar to the CARS detection system. The Stokes
beam would be dispersed from the pump beam with a prism. The Stokes beam would have
to be attenuated by taking the reflection off an uncoated flat plus passing it
through neutral density filters in order to avoid saturating the OMA. The Stokes

beam would then be dispersed and swept across the two dimensional array of the OMA
II in the same manner as previously discussed for CARS measurements.

The choice between CARS and SRG is not clear cut. The lasers, and detection
apparatus are identical, so that both techniques could be implemented, investigated

and compared. Analysis of data is certainly easier with SRG. Although collisional
narrowing must be accounted for with both techniques, in principle it is simpler for

SRG. A multipass cell will be required for SRG but is not expensive for a modest
number of passes. SRG would have definite advantages when the signal strength is

high enough.
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SECTION V

CONCLUSIONS

Estimates have been made of the performance of a CARS diagnostic system for
the AMMRC ballistic compressor. The high reptition rate Nd:YAG laser alone provides
adequate signal-to-noise ratios for time resolved measuements. The advantages of

using hydrogen as a thermometric species have been pointed out. Signal-to-noise
ratios have been calculated for representative compressor conditions. The SNR's
are reasonable at high H2 concentration, with a tradeoff in repetition rate, or

effectively time resolution, expected to yield substantially improved performance.
To predict the SNR for lower concentrations requires a knowledge of foreign gas

broadening coefficients, which are largely unknown. At worst the SNR scales

in direct proportion to hydrogen concentration, limiting the SNR to 53 at 1000
atmospheres for a 5 kHz rep rate for 10 percent concentration. Population satura-

tion, stimulated Raman gain, and optical breakdown are not expected to pose limita-

tions on laser intensity and measurement SNR. Finally operation of the ballistic
compressor itself does not appear to pose insurmountable problems for CARS diagnos-

tics.

The possibility of using SRC with a multipass cell also has been raised as
a possibility. Either CARS or SRG could be implemented using identical equipment.

V
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